Surgeon Commander E E P Barnard Institute ofNaval Medicine, Alverstoke, Hampshire, P012 2DL) Oxygen Toxicity' What stimulates the interest of divers in oxygen toxicity is the need to supply them at all depths with a mixture of gases which is respirable, containing therefore an adequate amount of oxygen to which is added some other gas to make up the total ambient pressure. When air is used as the breathing medium the Po2 at 300 ft (91-4 m), 10 atmospheres, is equivalent to 2 atmospheres and approaches a toxic level. Diving to depths greater than 300 ft (91-4 m) must therefore be carried out on artificial mixtures in which the oxygen is kept within safe limits. One of the consequences of exposing the body to raised gas pressures is the increased volume of gas which passes into solution in the tissues, the separation of this gas during decompression being thought to give rise to the bends. If inspired oxygen levels could be increased, since the amount of diluent gas would be correspondingly reduced, it is supposed that the risks of decompression sickness would thereby also be reduced.
Convulsions in Men
In a study of oxygen toxicity in naval volunteers, Donald (1947) showed that epileptiform convulsions occurred which were associated with electroencephalographic changes similar to those seen in animals. There were, however, several features of considerable practical importance for which there seemed no obvious explanation: First, exposures made in a diving suit in water were more dangerous than similar exposures made in a dry chamber. Secondly, the toxic effects of oxygen were potentiated by work and by alterations in the ambient temperature. The finding which has probably been most often quoted was, however, the extreme variability of the results, the range between the most resistant and the most susceptible individual being extremely wide, and the dayto-day variation in susceptibility in a single individual considerable. Indeed the unpredictability of the effects on men of raised pressures of oxygen was thought to be such as to make diving on pure oxygen below 25 ft (7-6 m) a 'hazardous gamble'.
There are two practical aspects of this work which particularly deserve attention; first, the day-to-day variation in susceptibility which has not apparently been found in animal studies and which represents an unusual mode of response, and, secondly, the threshold for oxygen convulsions in man at 1-7 atmospheres of oxygen, for "The studies reported form part of a thesis accepted for the degree of DPhil in the University of Oxford under the supervision of Professor W D M Paton CBE FRS, in December 1969 while Bert (1878) defined such a threshold in animals it was not until the second world war that any clear estimate of its value was available for men.
Convulsions in Mice
Minor convulsions: When mice are exposed to potentially convulsive pressures of oxygen their behaviour is at first little changed. The initial reaction is a rapid exploration of the available space with attempts to escape, followed by a settled period in which the animal sits fairly still with occasional cleaning movements. Before the onset of a convulsion there is usually a stage of excitement, shown by increased restlessness, increased cleaning movements and sometimes running in circles. The first convulsion is usually minor in extent and severity and is commonly seen as a rapid nodding of the head with repeated movements of one fore-limb. The whole attack is usually over in 5 to 10 seconds. In some attacks there may be radiation of the local spasms and a brief tonic phase may occur, the animal then regaining its feet and again appearing normal. Major convulsions: These are of sudden onset and may be preceded by rapid spinning movements. The convulsions seem to involve all muscle groups. The duration of the violent phase of the convulsion is usually from 30 to 60 seconds after which there is a tonic spasm for 15 to 30 seconds. The animal may then get up and move around the cage normally until the next convulsion occurs. Fig 1 shows the relationship between minor and major convulsions at 5 4 atmospheres of oxygen. The results consist of paired observations, that is cases where an animal has a minor convulsion followed by a major convulsion. The distribution is clearly bimodal and two factors -(1) the difference in appearance and duration of convul-15* (2) the difference in their distribution with timecan be used to resolve the distribution into its component parts.
If the data for major convulsions are subjected to logarithmic transformation the result is an approximately normal distribution of convulsion times about the mean logarithmic convulsion time tc (Fig 2) .
Dose-response Curve
Fig 3 shows the mean logarithmic convulsion time and its standard deviation for a range of oxygen pressures from 3 atm to 12 atm. The curve shows three main features: its shape which is similar to other oxygen dose-response curves; the minimum response time; and, lastly, the minimum effective pressure or threshold. Threshold: It is obviously of practical importance to know more about the nature of the threshold to convulsions and in particular to discover whether or not there is any subliminal effect of oxygen. Divided exposures: The technique used to determine the nature of the threshold was that of divided exposures in which animals were exposed to a pressure P1 for a certain time t1 and then taken to a new pressure P. at which they were held until convulsions occurred. In this way, by varying the initial pressure P, until a pressure was found at which subsequent titrations at Ps were significantly different from control values, it was possible to define a threshold to provocation of convulsions. For mice this value seemed to be very close to 3 atmospheres of oxygen, exposures below this failed to provoke convulsions, while exposures of 30 minutes at 3 atm subsequently provoked convulsions at higher pressures. Direct attempts to define the threshold involved exposing animals for some 5 to 6 hours at 3 atmospheres after which time the animals became obviously ill and in respiratOry distress and gross lung changes occurred of the type described by Smith (1899).
These results have important implications since the variables which can be controlled in animals, such as body weight, age and ambient temperature, all of which influence the results, cannot be controlled in the same way in men.
There is also a further reason why results in men might be expected to be different from those produced in animals; this is simply that men are usually active and presumably therefore producing greater quantities of carbon dioxide. Hill (1933) pointed out the high venous carbon dioxide levels in the dogs used in Bert's experiments and it is now generally agreed that raised carbon dioxide levels accelerate the onset of oxygen convulsions. Table 1 shows that the effects in mice at least of carbon dioxide also vary with the oxygen pressure. At 54 atmospheres of oxygen convulsions come on sooner in the presence of carbon dioxide but compared with the control values there is no acceleration of convulsions at 7 atmospheres of oxygen. Marshall & Lambertsen (1961) studied the effects of carbon dioxide levels upon oxygen convulsions and concluded that carbon dioxide potentiated oxygen convulsions at low levels and tended to protect against convulsions at high levels. The figures in Table 1 tend to suggest that the effects of carbon dioxide and oxygen interact so that at some levels there is no effect discernable from the addition of carbon dioxide to the breathing mixture while at other levels there is a marked effect due to carbon dioxide.
Carbon dioxide is by no means the only gas which seems to modify the appearance of oxygen convulsions. Nitrous oxide, for instance, tends to protect against convulsions while helium potentiates the onset of convulsions. The latter is of particular interest since helium-oxygen mixtures are used in deep diving and one might therefore be curious as to whether such a mixture might become convulsive at great depths. Evidence so far from animal work is that although helium may accelerate the appearance of convulsions, these will only occur if the oxygen level is above the threshold (Barnard 1969) . It would therefore seem that oxygen toxicity is not likely to be a problem in deep diving provided that the established threshold limits for oxygen are not exceeded, although care must be taken to make sure that interacting gases such as carbon dioxide are also kept within the satisfactory limits. The etiology of this complication is difficult to explain. It is possible that the blood flow to the conducting system is diminished following the vasoconstriction produced by HBO. The right bundle remains a single discrete mass of conducting tissue, whereas the left bundle rapidly breaks up into a series ofradiating fibres, possiblymaking the right bundle more sensitive to any change in blood supply producing the transient right bundle branch block (Davies & Harris 1969 ). An increase in red cell fragility giving rise to a reticulocytosis has been noted during HBO investigations (Bradley & Vorosmarti 1968 ). All patients thereforehave alhumoglobin and reticulocyte count before treatment, which is then repeated at weekly intervals. Pulmonary: A routine chest X-ray is taken prior to treatment to avoid submitting patients with any significant chest lesion to HBO, so preventing any cases of severe Type II decompression sickness (Davidson 1964) . Cross-infection: The Vickers chamber is cleaned weekly using chlorhexidine (Hibitane 0 02%). If the chamber becomes heavily contaminated, it is sterilized with formaldehyde vapour which is then neutralized with 880 ammonia. The full sterilization cycle takes three hours. A special isolation unit has been equipped to receive any cases of gas gangrene, the Vickers chamber and console being moved to the patient. In this way it is possible to treat gas gangrene in strict isolation. Fire: It has been shown that at all concentrations from 30 % to 100 % oxygen there is a high fire risk
